Introduction {#s1}
============

The default activity pattern of a neuronal network emerges from the combination of the intrinsic electrical characteristics of the constituent neurons and the wiring and properties of cell-to-cell connections within the circuit. In order to understand the operations of the brain, it is therefore necessary to elucidate the precise contribution of membrane electrophysiology, as well as different modes of communication, to ensemble activity. Neuronal gap junctions ([@bib18]; [@bib59]; [@bib4]) impact on both these features. While once surmised to be exclusive to invertebrate species and/or early development, steadily accumulating evidence has established that electrical junctions formed by gap junctions are both common and consequential within many populations in the adult, mammalian CNS (see [@bib11]). By mediating ultra-fast, subthreshold, bidirectional (albeit not always symmetrical) cell-cell communication, gap junctions have been implicated most obviously in the synchronization (e.g. [@bib10]; [@bib3]; [@bib16]) of neuronal activity. The particular kinetics of electrical junctions further allow them to for example interact with the parallel chemical synaptic transmission between neurons (e.g. [@bib34]; [@bib41]; see [@bib44]) and spread intracellular messengers between cells ([@bib58]). The presence of gap junctions changes the computational rules within circuits.

Gap junctions are of particular interest in the context of neuronal oscillations, a collective behavior that involves the coordination, and often harmonization, of neuronal discharge (e.g. [@bib38]; [@bib15]; [@bib25]). Oscillations are intrinsic to brain networks throughout the neuraxis (see [@bib9]), appearing in wide, but stereotyped, frequency spectra. Shifts in network frequency have been proposed to correspond to changes in the information carried across neuronal transmission (see [@bib53]), and a switch in period can denote the conversion of a physiological oscillation into a pathological rhythm ([@bib29]). While the issue of whether (and if so, how) gap junctions influence, or even set, the specific frequency of a network oscillation has been the subject of a limited number of elegant modeling and theoretical studies ([@bib28]; [@bib42]; [@bib43]), there is little experimental data addressing this important issue. This dearth of information can in no small measure be ascribed to limitations in the available methodological repertoire: pharmacological tools are compromised by poor specificity (*e.g.* [@bib2]), whereas genetically manipulated animals, although informative in several aspects, often exhibit incomplete loss-of-function ([@bib14]; [@bib32]). Additional models could thus be of substantial value to forward our understanding. Here, studying the neuroendocrine tuberoinfundibular dopamine (TIDA) neurons, which oscillate between depolarized UP and hyperpolarized DOWN states ([@bib36]), we uncover an unexpected rat-mouse species difference in electrical coupling that we exploit to reveal principles of how gap junctions can constrain and dictate ensemble network behavior.

Results {#s2}
=======

Tuberoinfundibular dopamine neurons in the hypothalamic dorsomedial arcuate nucleus (dmArc) of rats exhibit a slow, robust, highly rhythmic, synchronized network oscillation in vitro ([@bib36]). Reports on mouse TIDA neurons, however, describe notably irregular fast phasic firing ([@bib8]; [@bib52]; [@bib60]). Such dichotomy across analogous rodent circuits are rare in the literature. This intriguing observation prompted us to systematically compare rat and mouse TIDA neurons under identical recording conditions to first determine if these discordant accounts reflect a species difference proper or discrepancies in methodology.

Male rat TIDA cells identified by their location in the dmArc ([Figure 1A--B](#fig1){ref-type="fig"}) and characteristic electrical properties ([@bib36]), exhibited a stereotyped slow (0.15 ± 0.01 Hz; n = 29, [Figure 1C,G](#fig1){ref-type="fig"}) and highly regular (coefficient of variation (CV) for frequency = 1.99 ± 0.69%; n = 8 slices; [Figure 1H](#fig1){ref-type="fig"}) oscillation with similar membrane voltage across neurons within slices and between animals ([@bib36]) ([Figure 2A,B,D](#fig2){ref-type="fig"}). In striking contrast, while age- and sex-matched mouse TIDA neurons ([Figure 1D,E](#fig1){ref-type="fig"}), identified by using transgenic dopamine transporter (DAT; encoded by the *Slc6a3* gene)-tdTomato--expressing mice ([Figure 1E](#fig1){ref-type="fig"}), also exhibited sub - or supra-threshold phasic firing across different experimental conditions ([Figure 1F](#fig1){ref-type="fig"}, n = 284/311; [Figure 2B--E](#fig2){ref-type="fig"}), these oscillations were significantly faster (0.39 ± 0.05 Hz; n = 18--29 per group, [Figure 1F,G](#fig1){ref-type="fig"}), less rhythmic ([Figure 1H](#fig1){ref-type="fig"}), of a wide range of frequencies within the same slice ([Figure 1G](#fig1){ref-type="fig"}; CV = 41.48 ± 6.19%; n = 8 slices) and more depolarized (mouse oscillation nadir −51.2 ± 0.9 mV *vs.* rat −66.0 ± 1.1 mV; n = 18 per group).

![Slow, regular, fixed *vs* fast, irregular, entrainable activity in TIDA neurons between two rodent species.\
(**A--B**) Distribution of TH-immunostained TIDA neurons (green) in the rat dorsomedial arcuate nucleus (dmArc; coronal section). ME, median eminence; 3V, third ventricle. (**C**) Patch clamp recordings from a rat TIDA neuron show a slow and robust oscillation evident in whole-cell current clamp (top), on-cell (middle) as well as voltage clamp (bottom) configurations. (**D--E**) Mouse TIDA neurons in the dmArc visualized by dopamine transporter (DAT)-driven tdTomato fluorescence (red) and TH immunostaining (green). (**F**) Whole-cell current clamp recording (top) from a mouse TIDA neuron shows fast and irregular phasic firing, also evident in on-cell configuration (middle), whereas no oscillatory current is seen voltage-clamp mode (bottom). (**G**) Frequency distribution of the oscillation frequency in rat (blue) *vs* mouse (purple) TIDA neurons, with a narrow range of slow frequencies in rat and a wide range of faster oscillation frequencies in mouse (n = 29--115 per group). (**H**), Representative autocorrelograms of rat and mouse TIDA oscillation. (**I**) Whole-cell current clamp recording: Progressive hyperpolarization fails to alter oscillation frequency in rat TIDA cells. (**J, K,**) Quantification of rat TIDA oscillation frequency (**J**) and amplitude (**K**) at different voltages (−60 mV, −80 mV and −100 mV; n = 7, one-way ANOVA with Bonferroni as *post-hoc* test). (**L**) Progressive hyperpolarization (as in I) gradually slows oscillation frequency in mouse TIDA cells, with ultimate collapse of the oscillation below −80 mV. (**M, N**) Quantification of mouse TIDA oscillation frequency (**M**) and amplitude (**N**) at different voltages (n = 34, one-way ANOVA with Bonferroni as post-hoc test). (**O--T**) Test for entrainability of TIDA neurons in rat vs mouse arcuate slices during whole-cell current clamp recording. (**O**) Rat TIDA neuron immediately prior to ZAP current (*I*; sinusoidal current of gradually increasing frequency) injection presented in (**P**). (**P**) Bottom trace; injection of ZAP *I* does not change the rat TIDA neuron's oscillation frequency. (**Q**) Mouse TIDA neuron immediately prior to ZAP *I* injection presented in (**R**). (**R**) Injection of ZAP *I* entrains mouse TIDA neurons. (**S**) Cross correlation coefficient example and **T**) quantification between the injected ZAP *I* and the membrane voltage response in the two species (n = 10 per group, p\<0.0001, unpaired *t*-test; rat shown in blue, mouse shown in purple). Data expressed as mean ±s.e.m.](elife-33144-fig1){#fig1}

![Homogeneous vs heterogeneous electrophysiological activity in rat vs mouse TIDA neurons.\
(**A**) Representative whole-cell current clamp recording of a TIDA neuron from a hypothalamic rat brain slice. (**B--D**) Representative whole-cell current clamp recordings of three mouse TIDA neurons, illustrate the wide spectrum of electrical activity (subthreshold oscillating, suprathreshold oscillating and silent) found in the murine TIDA population. (**E**) Quantification of the percentage of neurons found at the three different states shown in (**b--d**) under different recording conditions. Note that the proportions remain the same regardless of network volume (slice thickness, 300 or 400 μm) or temperature (24°C or 34°C).](elife-33144-fig2){#fig2}

In addition to these temporal discrepancies, oscillation robustness varied markedly between species. An oscillatory current was seen in voltage clamp mode only in rat TIDA neurons ([Figure 1C,F](#fig1){ref-type="fig"}). Furthermore, rat TIDA oscillation frequency was insensitive to hyperpolarization ([Figure 1I--K](#fig1){ref-type="fig"}), whereas mouse TIDA cells progressively decreased their frequency in response to negative current until it collapsed to a stable membrane potential below *ca*. −80 mV ([Figure 1L--N](#fig1){ref-type="fig"}). To evaluate entrainability, we used the sinusoidal ('ZAP'; [@bib27]) current command of increasing frequency. Rat TIDA oscillations maintained their frequency when challenged with ZAP *I* ([Figure 1O,P](#fig1){ref-type="fig"}). In contrast, application of the same protocol to mouse TIDA neurons resulted in a full entrainment of the cells' rhythm ([Figure 1Q,R](#fig1){ref-type="fig"}). The cross-correlation coefficient of the frequency of the recorded cell and the current command was thus significantly lower in rat (0.61 ± 0.03; n = 10) compared to mouse (0.87 ± 0.01; n = 10; [Figure 1S,T](#fig1){ref-type="fig"}), demonstrating the rat TIDA oscillation is robust against perturbation, in contrast to the mouse.

We next addressed if the rat-mouse differences in single-cell features are reflected at the network level. Paired recordings from rat TIDA neurons revealed pronounced phase-locked synchronicity between cells (n = 63 pairs; [Figure 3A,B](#fig3){ref-type="fig"}; see also [@bib36]) in contrast to mouse TIDA cells, which were asynchronous (n = 40 pairs; [Figure 3C,D](#fig3){ref-type="fig"}). To record TIDA activity at the population level we performed two-photon Ca^2+^ imaging. Using Oregon green-BAPTA in rat slices, a cluster of cells in the dmArc exhibited spontaneous, slow synchronized Ca^2+^ oscillations (0.15 ± 0.01 Hz; [Figure 3E,F,I](#fig3){ref-type="fig"}). Ca^2+^ fluxes were visualized in murine TIDA cells using DAT-GCaMP3 mice. Simultaneous whole-cell and Ca^2+^ recordings in mouse TIDA neurons revealed strongly correlated fluctuations in membrane potential and Ca^2+^ activity, indicating that they reflect the same underlying cellular phenomena ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}). In agreement with electrophysiology, cells exhibited asynchronous, fast (0.40 ± 0.05 Hz; [Figure 3G--I](#fig3){ref-type="fig"}) oscillation frequencies, with large variability. These data show that the species differences found at the single-cell level are paralleled in the rat and mouse TIDA network.

![Synchronous vs asynchronous activity in TIDA neurons between two rodent species.\
(**A**) Paired whole-cell recordings were performed to test synchronous activity between cells. (**B**) Representative paired rat TIDA neuron recordings (left) shown superimposed and filtered for action potentials at right to reveal near identical membrane voltage fluctuations. (**C**) Representative paired mouse TIDA neuron recordings (left) reveal asynchronicity when superimposed (right). (**D**) Left; cross-correlation coefficient in example paired recordings from rat (blue) and mouse (purple) TIDA neurons. Right; quantification of cross-correlation coefficient at 0 s lag (n = 21--31 respectively, p\<0.0001, unpaired *t*-test). (**E**) Ca^2+^ imaging of rat TIDA neurons. Lower inset: oscillating cells in the dmArc slice shown highly connected by relative cross-correlation. (**F**) Representative Ca^2+^ imaging traces of five rat TIDA neurons in same slice revealing synchronous oscillations. (**G**) Ca^2+^ imaging of mouse TIDA neurons. Lower inset: Cells in the dmArc in the same slice exhibit minimal cross-correlation. (**H**) Representative Ca^2+^ imaging traces of five mouse TIDA neurons in same slice revealing asynchronous oscillation. (**I**) Left; cross-correlation coefficient in rat (blue) Ca^2+^ imaging traces vs cross-correlation coefficient in mouse (purple) TIDA neurons. Right; quantification of cross correlation coefficient at 0 s lag (n = 14--21 respectively). Data expressed as mean ±s.e.m. Image scale bars (**E G**) 50 μm. 3V, third ventricle.](elife-33144-fig3){#fig3}

We next sought to identify the mechanism behind these differences. Network behavior emerges from the intrinsic properties of neurons and their connectivity schemes. In whole-cell recordings, rat and mouse TIDA neurons were found to have similar electrophysiological signatures, such as a prominent A-like K^+^ current, anomalous inward rectification and slow after hyperpolarization ([@bib36]; [@bib60]) - [Figure 4A,B,E,F](#fig4){ref-type="fig"}), albeit of partly different amplitude ([Figure 4I--K](#fig4){ref-type="fig"}). In both species, oscillations were abolished in the presence of tetrodotoxin (TTX; [Figure 4L](#fig4){ref-type="fig"}), suggesting a similar dependence on the persistent Na^+^ current for phasic firing ([@bib36]). Cytoarchitectonic comparison of the TIDA somata size, dendritic lengths and branching (evaluated using Sholl analysis) revealed no differences ([Figure 4---figure supplement 1](#fig4s1){ref-type="fig"}). These results indicate that a difference in chemical synaptic or electrical coupling is likely to underlie the two distinct patterns of electrical activity. Importantly, in both rats and mice, oscillations persisted during blockade of fast ionotropic glutamate and GABA transmission ([Figure 4M](#fig4){ref-type="fig"}), suggesting that chemical synapses are not required for the expression of rhythmic behavior. Our attention therefore turned to electrical junctions (see [@bib45]; [@bib12]) and their potential role in the TIDA circuit. Earlier work ([@bib36]) has suggested the existence of gap junctions in rat TIDA neurons, but direct evidence for electrical coupling has been lacking.

![TIDA neurons have similar membrane properties, and exhibit similar sensitivity to tetrodotoxin (TTX) and synaptic blockade in both rats and mice.\
(**A,E**) Current and (**B,F**) voltage step protocols identify characteristic rat (**A--D**) and mouse (**E--H**) TIDA cell conductances, namely the K^+^-mediated inward rectification (K~ir~), an A-like current (I~A~) and the depolarization-induced after hyperpolarization (AHP). (**,G**) Input resistance of TIDA neurons across membrane voltage reveals a sigmoidal plot in both species. (**D,H**) Higher input resistance at −60 mV in both rat (n = 18) and mouse (n = 16) TIDA neurons (one-way ANOVA with Bonferroni as post-hoc test). (**[I]{.ul}**) Quantification of the A-like current and (**J**) the AHP current (n = 11 and 30 per group). (**K**) Comparison of the R~input~ at −95 mV, as an indicator of the K~ir~ current activity. (**L**) Application of the antagonist of voltage-gated Na^+^ channels, TTX, abolished the oscillation and switched it to a persistent UP state in rat (blue; n = 32) as well as in mouse (purple; n = 22) TIDA neurons. (**M**) Oscillation persists in both rat (n = 11) and mouse (n = 6) TIDA neurons under fast ionotropic blockade, using AMPA and NMDA glutamate receptor blockers combined with Gabazine as a GABA~A~ receptor blocker. (**A--D**), rat and (**E--H**), mouse.](elife-33144-fig4){#fig4}

Recordings of sub-threshold voltage transfer ([@bib5]) in rat TIDA neuron pairs revealed electrical coupling in 51% (n = 32/63) of pairs with a high coupling coefficient (CC = 0.18 ± 0.02; [Figure 5A--F](#fig5){ref-type="fig"}). This electrical coupling is in the highest range reported in the mammalian brain ([@bib13]), with single pairs reaching as high as 0.48 CC. Coupling was typically asymmetrical (strongest: weakest ratio, 1.52 ± 0.17; n = 16; [Figure 5F](#fig5){ref-type="fig"}, top). In notable contrast, mouse TIDA neuron pairs (n = 40) showed no evidence of electrical coupling and/or synchrony ([Figure 5G--L](#fig5){ref-type="fig"}). In addition, immunostaining for the dominant neuronal gap junction-forming protein connexin 36 (Cx36; [@bib50]) was performed. Punctate Cx36 immunoreactivity was found distributed along rat (n = 4 animals), but not mouse (n = 7 animals), TH-ir dendrites and somata ([Figure 5M,N](#fig5){ref-type="fig"}), even though the antibody readily detects Cx36 in other mouse brain populations ([Figure 5---figure supplement 1](#fig5s1){ref-type="fig"}). These data identify an absolute species difference in TIDA gap junction connectivity. The lack of electrical coupling in the mouse TIDA neurons can also explain their higher input resistance ([Figure 4C,D,G,H](#fig4){ref-type="fig"}; cf. [@bib14]), and their more fragile oscillation dynamics ([Figure 1C,F,I--T](#fig1){ref-type="fig"}).

![Electrical synapses in the rat but not in the mouse TIDA network.\
(**A**) Paired TIDA neuron recordings were performed to test for reciprocal electrical connectivity in rat slices. (**B**) Representative recording showing bidirectional electrical coupling in rat slices. Example trace illustrating the effect of negative current injection first into cell one and then into cell 2. (**C,D,**) High-resolution trace during negative current injection. Note the different response amplitude in cell1 *vs* cell2, suggestive of asymmetrical electrical synapses. (**E**) Frequency distribution of the coupling coefficient, average 0.18 ± 0.02, n = 32 pairs. (**F**) Top; Different coupling coefficient between cell 1 and cell 2, indicative of asymmetrical electrical synapses (n = 16, p\<0.01, unpaired *t*-test). Bottom; Cumulative frequency of the coupling coefficient ratio, indicative of the high-degree of functional coupling asymmetry. (**G**) Similar to (**A**) paired recordings were performed in mouse TIDA neurons. (**H**) Representative recording showing the absence of electrical coupling in mouse slices. Example trace illustrating the effect of negative current injection first into cell 1 and then into cell 2. (**I**) and **J**) indicate portions of recordings illustrated at higher resolution in (**K**) and (**L**), respectively. (**K, L,**) High-resolution traces illustrating lack of electrical coupling between mouse TIDA neurons (n = 40 pairs). (**M, N,**) Cx35/36 immunostaining (green) of the dmArc shows punctate presumed gap junctions (arrows) on the soma and dendrites of rat (**M**), but not mouse (**N**), TIDA neurons. TH (red) used to identify TIDA neurons, DAPI (blue) shows cell nuclei. Scale bars for (**M N**) 10 µm.](elife-33144-fig5){#fig5}

These findings challenge common assumptions that analogous populations in the rat and mouse brains obey similar connectivity schemes by identifying a binary difference in electrical coupling between these two commonly studied model species. The evolutionary and physiological implications of this contrariety remain to be explored, but given that TIDA neurons control prolactin secretion ([@bib22]), it is likely to have bearing on for example species diversity in reproduction and parenting ([@bib51]; [@bib7]; [@bib6]; [@bib33]; [@bib35]; [@bib31]). At the network level, our data reconcile the discrepancies in reports of rat ([@bib36]; [@bib55]) and mouse ([@bib8]; [@bib52]) TIDA electrical behavior. Importantly, the rodent TIDA species difference in electrical coupling offers an experimental model to address functional aspects of the role of gap junctions in rhythmically active systems, in a manner that avoids the poor pharmacological specificity of gap junction-blocking compounds (e.g. [@bib2]) and the potential for residual electrical coupling in Cx gene-deleted mice ([@bib14]; [@bib32]).

We therefore next used the rat and mouse TIDA networks to address the poorly understood questions if gap junctions play a role in selecting for network frequency, and if and how neurons with heterogeneous frequencies are accommodated within a tightly electrically coupled network. For this purpose, we applied the ZAP function protocol ([@bib47]; [@bib49]; [@bib56]; [@bib57]) to identify the preferred (or intrinsic resonance) frequency of individual cells, a feature intimately linked to oscillatory potential ([@bib30]; [@bib26]). The ZAP protocol was applied to TIDA neurons (in the presence of TTX to remove any confounding synaptic influence; it should be noted that this pharmacological manipulation also removes the influence of the persistent Na^+^ current on resonance) to identify their preferred frequencies, which were then compared to spontaneous oscillation frequencies recorded from the same cells ([Figure 6A](#fig6){ref-type="fig"}). In mouse TIDA neurons, preferred (0.35 ± 0.03 Hz; n = 15; [Figure 6E,F](#fig6){ref-type="fig"}) and oscillation (0.39 ± 0.05 Hz; n = 15) frequencies were not significantly different ([Figure 6G](#fig6){ref-type="fig"}) and were distributed over a similar spectrum (typically 0.2--0.6 Hz), suggesting that mouse TIDA cells set their own pace. Intriguingly, the preferred frequencies in rat TIDA neurons showed a similarly wide range and mean (0.30 ± 0.02 Hz; n = 32; [Figure 6B,C](#fig6){ref-type="fig"}) as their mouse counterparts. Yet, the rat oscillation frequencies, as described above, were clustered within a narrow interval at a significantly lower average value (0.14 ± 0.006 Hz; rat oscillation vs. preferred frequency p\<0.0001; paired *t*-test; [Figure 6D](#fig6){ref-type="fig"}).

![TIDA resonance frequency matches oscillation frequency in the electrically uncoupled, but not in the coupled, network.\
(**A**) Schematic illustration of the current clamp protocol used to determine the resonance frequency of TIDA neurons. (**B**) Voltage response (blue) of a rat TIDA neuron to a 100 s 0.05--10 Hz ZAP current injection (black trace below) yields a maximum amplitude at the neuron's preferred resonance frequency (red arrow). (**C**) Impedance profile of rat TIDA neurons in the frequency domain. The red circle indicates the resonance frequency at the maximum impedance value (0.30 ± 0.02 Hz, n = 32). (**D**) Quantification of resonance frequency vs oscillation frequency in rat TIDA neurons (n = 32, p\<0.0001, paired *t*-test). (**E**) Recording of mouse preferred resonance frequency as in (**B**). (**F**) Impedance profile of mouse TIDA neurons in the frequency domain. The red circle indicates the resonance frequency at the maximum impedance value (0.35 ± 0.03 Hz, n = 15). (**G**) Resonance frequency *vs* oscillation frequency in mouse TIDA neurons (n = 15, p\>0.05, paired *t*-test).](elife-33144-fig6){#fig6}

This observation suggests that electrical coupling places constraints on the network oscillation frequency emerging from cells with variable preferred frequencies. We therefore hypothesized that gap junction transmission, via passive or active filtering mediated through pre- and post-junctional neurites, allows current to flow at higher amplitude at certain frequencies. To test this possibility, the ZAP protocol was now applied in electrically connected pairs with high CC (\>0.2) where the ZAP function was injected into one ('prejunctional') neuron and the resultant voltage response (from which resonance can be extracted; [Figure 7A,B](#fig7){ref-type="fig"}) was recorded from both the pre-junctional cell and its coupled ('post-junctional') partner. Recordings were performed in TTX to ensure that only gap junction transmission served as a conduit between cells. The protocol was applied in both directions, sequentially. Using this configuration, prejunctional resonance (0.31 ± 0.01 Hz; [Figure 7C](#fig7){ref-type="fig"}) was found to be higher than postjunctional resonance (0.17 ± 0.02 Hz, [Figure 7D](#fig7){ref-type="fig"}), which, in turn, was not significantly different from oscillation frequency (0.13 ± 0.01 Hz; p\>0.05, [Figure 7E,F](#fig7){ref-type="fig"}). Notably, both postjunctional resonance and oscillation frequency were clustered within a narrow interval, in contrast to the broad range of prejunctional resonance frequencies ([Figure 7E,F](#fig7){ref-type="fig"}). These findings directly implicate gap junction transmission in the harmonization of faster cell frequencies to a slow population rhythm.

![Gap junction resonance frequency dictates network frequency of coupled heterogeneous TIDA neurons.\
(**A**) Schematic of the current clamp protocol used to record the transfer of a ZAP function command through electrical synapses by measurements of resonance frequency in coupled TIDA neurons. (**B**) Paired recording of electrically connected rat TIDA neurons. Voltage response of Cell 1 (purple; prejunctional) to the 100 s ZAP current injection that sweeps a 0.05--10 Hz frequency (black trace) range, yields a maximum amplitude at a preferred resonance frequency. Cell 2 membrane voltage response (orange; postjunctional) indicates maximum amplitude at a different resonance frequency. (**C**) The impedance profile of the prejunctional resonance in the frequency domain. The red circle indicates the resonance frequency at the maximum impedance value (0.31 ± 0.03 Hz; n = 16). (**D**) Postjunctional resonance impedance profile; note lower average resonance frequency (red circle; 0.17 ± 0.02 Hz; n = 16). (**E**) Comparison of pre- and post-junctional resonance frequency vs oscillation frequency (n = 16, one-way ANOVA with Bonferroni as post-hoc test). (**F**) Frequency distribution of pre- (purple) and post-junctional (orange) resonance frequency vs oscillation frequency (turquoise) (n = 16 per group).](elife-33144-fig7){#fig7}

Discussion {#s3}
==========

In the present study, a naturally occurring absolute difference in electrical coupling among hypothalamic rodent TIDA neurons was used to investigate the role of electrical junctions in network rhythmicity. First, we show that rat (electrically coupled) and mouse (electrically uncoupled) TIDA neurons exhibit fundamentally different oscillatory activity: while electrically coupled TIDA cells discharge in a stereotyped, highly regular, synchronized slow rhythm, the same neurons in the absence of electrical coupling, display a range of faster, asynchronous, and less regular frequencies. We exploit these differences to show that, while both species harbor a similar range of cellular heterogeneity within the TIDA population (assessed as preferred frequency and membrane properties), the presence of gap junctions imposes a slow, harmonized, narrow frequency band across the ensemble. The main findings and conclusions are summarized in [Figure 8](#fig8){ref-type="fig"}.

![Schematic model based on the experimental data from TIDA neurons of the influence of electrical synapses on resonance and the emergence of a slow frequency oscillation in a neuronal population.\
(**A**) In the electrically coupled network (as observed in rat TIDA neurons), neurons exhibit a robust, stereotyped, slow, synchronized oscillation. In this network, frequency is immune to perturbation and cannot be manipulated by progressive hyperpolarization (**B**) or by ZAP current injection (**C**). (**D**) The prejunctional resonance of individual neurons does not dictate the network oscillation frequency; rather, the gap junction-mediated postjunctional resonance commands the oscillation frequency of the syncytium. (**E**) In the uncoupled network configuration (as observed in mouse TIDA neurons), neurons exhibit a diverse range of membrane potential oscillations. Their phasic voltage fluctuations are strongly sensitive to progressive hyperpolarization (**F**) and are highly entrainable, as tested via ZAP current injections (**G**). (**H**) The fast prejunctional resonance of individual neurons matches their oscillation frequency, allowing them to march to the beat of their own intrinsic properties.](elife-33144-fig8){#fig8}

Computational studies have proposed a variety of rules for how frequency is set in an oscillatory electrically coupled network ([@bib28]; [@bib42]; [@bib43]). Our experimental data show that in a gap junction-linked hypothalamic dopamine circuit, the network assumes a harmonized slow rhythm emerging from the preferred resonance frequency imposed by the electrical coupling. Early studies of neuronal gap junctions suggested that they operate as low-pass current filters ([@bib18]). As oscillatory current passes between cells through gap junctions -- and filtered via the active and passive properties of membranes on either side of the junction -- the variable frequencies generated by individual TIDA neurons are restricted and streamlined toward a slow network frequency. The mechanistic demonstration of the role of gap junctions in current transfer ([Figure 7](#fig7){ref-type="fig"}) argues against the interpretation that the low frequency of the rhythm in this system is the result of 'network load' ([@bib24]; [@bib42]), the drag imposed upon a connected neural ensemble by its slowest members, whose biophysical constraints may act as a brake on the entire network. The specific frequency emerging out of the electrically coupled network is likely not to be an exclusive product of the biophysical properties of the proteins (in this case Cx36) that form the conducting connexons; there have been several Cx36-linked rhythmically active populations described in the CNS, which oscillate in a wide range of frequencies. Other factors specific to the coupled population, for example the subcellular distribution of gap junctions, cellular geometry and associated proteins, may be hypothesized to contribute.

These findings also allow for some observations on biological diversity, by revealing how two related species have adopted different cellular solutions to a common biological problem -- the adaptive control of pituitary prolactin secretion. While the two rodent TIDA populations responsible for this control accommodate a similar range of cellular heterogeneity among their intrinsic oscillators, the connectivity that imposes network rules thus differs critically ([Figure 8](#fig8){ref-type="fig"}). In the rat TIDA network, cellular diversity is shown to be accommodated through a powerful gap junction connectivity. Cellular diversity also within seemingly homogeneous neuronal populations has been demonstrated to be not only a core characteristic of how nervous systems are organized, but a feature that contributes critically to the flexibility and adaptability necessary for survival under variable environmental conditions ([@bib37]; [@bib19]; [@bib39]; [@bib46]; [@bib20]; see [@bib40]). How the different configurations (electrically connected vs. not connected) impact on the physiology of the two species remains to be determined, but it may be speculated that these features are of particular potential benefit in a system tasked with adjusting the animal for recurrent reproductive stages, including pregnancy, and is subject to circadian modulation, as is the case for the TIDA-prolactin axis ([@bib21]).

Diversity within neuronal networks, as described here in the TIDA system, presents a trade-off: while it increases flexibility, it also risks compromising reliable circuit performance. One means of ensuring robustness is thus by adding constraining properties in the mode(s) whereby the cells are connected. We here provide evidence that connecting intrinsically oscillating neurons together via strong electrical coupling can impose a slow network rhythm that overrides the individual frequencies of cells within the population. This work suggests a principle whose applicability to other systems can now be addressed.

Materials and methods {#s4}
=====================

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Reagent type (species)\           Designation                        Source of reference                                             Identifiers   Additional information
  or resource                                                                                                                                        
  --------------------------------- ---------------------------------- --------------------------------------------------------------- ------------- ---------------------------------------------------
  Mouse strain, strain background   DAT-Cre mouse (C57Bl/6J)           Reference: PMID 17227870.                                                     Gift from Dr. N-G Larsson, Karolinska Institutet.

  Mouse strain, strain background   tdTomato floxed mouse (C57Bl/6J)   [www.jax.org/strain/007905](http://www.jax.org/strain/007905)                 The Jackson Laboratory

  Mouse strain, strain background   GCaMP3 floxed mouse (C57Bl/6J)     [www.jax.org/strain/014538](http://www.jax.org/strain/014538)                 The Jackson Laboratory

  Antibody                          anti-tyrosine hydroxylase          Source: Millipore. Reference: PMID 25794171                     AB152         

  Antibody                          anti-connexin 35/36                Source: Millipore. Reference: PMID 26760208.                    MAB3045       

  Software, algorithm               MATLAB code for network analysis   Source: PMID 25278844                                                         
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Key reagents and their sources are listed in the Key Resources Table. The data that support the findings of this study are available from the corresponding author upon reasonable request.

Animals {#s4-1}
-------

All animal experiments were performed on male animals on postnatal days 21--28, had received approval by the local ethical board, *Stockholms Norra Djurförsöksetiska Nämnd*, and were performed in accordance with the European Communities Council Directive of November 24, 1986 (86/609/EEC). Sprague Dawley rats (Charles River), DAT-Cre-tdTomato-floxed and DAT-Cre-GCaMP3-floxed C57Bl/6J mice (own breeding -- described in \[[@bib17]\]) were housed with *ad libitum* access to standard chow and tap water in a temperature-controlled environment under 12 hr light/dark conditions with lights on at 6:00 A.M.

Whole-cell recordings {#s4-2}
---------------------

For electrophysiological experiments, animals were deeply anesthetized with sodium pentobarbital and decapitated. Only one experiment was performed on each slice. The brain was rapidly removed and placed in ice-cold (2--4°C) and oxygenated (95%O~2~/5%CO~2~) slicing solution containing the following (in mM): 214 sucrose, 26 NaHCO~3~, 10 D-glucose, 1.2 NaH~2~PO~4~, 2.0 KCl, 1.3 MgSO~4~ and 2.4 CaCl~2~. A modification of the technique developed by [@bib1] was used to increase tissue viability. The meninges were gently removed, and the brain was blocked and glued to a vibratome (Leica VT-1000) in which 250 μm-thick coronal sections of the hypothalamus containing the dmArc were prepared unless otherwise stated. After slicing, tissue was immediately transferred to an extracellular recording solution (aCSF) containing (in mM): 127 NaCl, 26 NaHCO~3~, 10 D-glucose, 1.2 NaH~2~PO~4~, 2.0 KCl, 1.3 MgSO~4~, 2.4 CaCl~2~, in a continuously oxygenated holding chamber at 35°C for a period of 30 min. A minimum of 1 hr of recovery was allowed after which intracellular whole-cell single unit recordings were performed from TIDA neurons located in the dmArc. For whole-cell recordings, slices were transferred to a submerged chamber and placed on an elevated grid that allows perfusion both above and below the slice. An Axio Examiner D1 upright microscope (Carl Zeiss) was used for infrared differential interference contrast visualization of cells. Recordings were performed at near-physiological temperature (34 ± 1°C) apart from subset of experiments described in [Figure 2](#fig2){ref-type="fig"} performed in room temperature (24 ± 1°C), and slices were continuously perfused with oxygenated recording solution at a rate of 4 ml/min. Whole-cell current- and voltage-clamp recordings were performed with pipettes (3--7 MΩ when filled with intracellular solution) made from borosilicate glass capillaries (World Precision Instruments) pulled on a P-97 Flaming/Brown micropipette puller (Sutter Instruments). The intracellular recording solution used in experiments contained (in mM) 140 K-gluconate, 10 KCl, 10 HEPES, 1 EGTA, and 2 Na~2~ATP, pH 7.3 (with KOH). All pharmacological compounds were bath applied. Blockade of ionotropic glutamatergic and GABAergic transmission was achieved by adding 10 μM of the AMPA/kainic acid antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), 25 μM of the NMDA antagonist DL-2-amino-5-phosphonopentanoic acid (AP5) and 10 μM of gabazine (all from Abcam) to the extracellular recording solution. The concentration used for TTX (Alomone Labs) was 0.5 μM. (-)-quinpirole hydrochloride, 5-HT, prolactin and TRH were obtained from Sigma.

Paired recordings and electrical coupling {#s4-3}
-----------------------------------------

The strength of coupling between neurons was quantified by the coupling coefficient (CC), which was typically measured by injecting a 0.5 s current step to one neuron and measuring the resulting voltage deflections in both neurons. To minimize distortion of CC by voltage-activated conductances, the current step amplitude was set sufficiently large to produce a steady voltage response in the coupled neuron. For TIDA neurons with input resistance (*R~input~*) of 500--700 MΩ and a minimum CC of 0.05, we used 20--40 pA current injections while both cells were entering the DOWN state (phase1) resulting in 20--40 mV presynaptic deflections (ΔV) in the injected cell, resulting in stable deflections (ΔV) equal to or larger than 1 mV in the postjunctional cell. 50-sweep negative pulse protocols were routinely used allowing quantification of CC at different voltages via sweep averages. CC was calculated at different voltages, as conductances can amplify/dampen both prejunctional and postjunctional measurements and coupling ([@bib13]; [@bib23]). For current injection *I~1~* into cell 1, the coupling measured in cell 2 is CC~12~=ΔV~2~/ΔV~1~ and vice versa for CC~21~. The quantity CC~12~ measures coupling in the direction of cell 2. Postjunctional resistance between pairs was 80 ± 10 MΩ (n = 10).

*Recordings* were performed using a Multiclamp 700B amplifier, a DigiData 1440 and pClamp10.2 software (Molecular Devices). Slow and fast capacitative components were automatically compensated for. Access resistance was monitored throughout the experiments, and neurons in which the series resistance was more than 25 MΩ or changed 15% were excluded from the statistics. Liquid junction potential was 16.4 mV and not compensated. Sampling frequency in all electrophysiology data was 10 kHz. Raw data in figures were filtered at 1 kHz or 2 kHz for illustrative purposes.

Logarithmic ZAP function {#s4-4}
------------------------

To investigate the possibility of resonance/preferred frequency of TIDA neurons, we performed sinusoidal current injections of fixed amplitude but sweeping frequencies in a given range. The impedance (Z) Amplitude Profile (ZAP) was thus generated for TIDA neurons to determine neurons' preferred frequency ([@bib57]) generated by a combination of passive and active properties ([@bib47]). The ZAP current is described as:$$I_{ZAP} = I_{max}sin\left( 2\pi f\left( t \right)xt \right)$$where *f*(*t*) produces the range of frequencies that the ZAP function sweeps. We used an exponential chirp function for *f*(*t*) to increase the sampling duration of lower frequencies:$$f\left( t \right) = \frac{f_{min}}{L}\left( {e^{Lt} - 1} \right)$$where$$L\left\lbrack log\left( fmax/fmin \right) \right\rbrack/totalchirpduration$$

As an optimal frequency range of the ZAP function input allowing accurate determination of the TIDA impedance characteristics, *f~min~* was set to 0.05 Hz and *f~max~* as 10 Hz. The amplitude of the ZAP current was selected as the minimum amplitude that produced a voltage response within the physiological range of the TIDA neuron subthreshold oscillation (−80 mV to −40 mV). This amplitude was typically set to 15--20 pA. Extra caution was placed at targeting resonance within close limits of the membrane voltage, since resonance is described to be voltage dependent ([@bib48]). This protocol was performed in the presence of TTX, resulting in a resting membrane potential and eliminating AP interference with likely resonance mechanisms. A bias direct current (DC) of ∼−20 pA was added to compensate for the depolarizing action of TTX. Furthermore, to avoid transients at the beginning of the oscillations, the ZAP waveform was preceded with three cycles of a sinusoidal waveform of the *f~min~* before transition into the ZAP function.

The impedance of neurons was calculated as a function of the frequency of the injected ZAP current. Impedance contains information about both amplitude and phase of oscillation and is calculated as a function of the input frequency as follows:$$Z\left( f \right) = \frac{\overset{\sim}{V}\left( f \right)}{\overset{\sim}{I}\left( f \right)}$$where $\overset{\sim}{V}$ and $\overset{\sim}{I}$ are, the Fourier transforms of the membrane potential *V* and the ZAP current *I,* respectively (Hutcheon and Yarom, 2000b). *Z*(*f*) is a complex number; the absolute value of *Z* is the impedance power and is plotted as a function of frequency. For simplicity here we ignore phase, and in our results, we refer to the impedance power as impedance. Lastly, as negative control for the resonance experiments we analyzed the impedance of a passive neuron showing, as expected, no peak. Additionally, as previous studies suggest (Puil et al., 1994), we tested and concluded that direction (slow-to-fast vs fast-to-slow frequencies) and frequency spectrum (0.05 - 3 Hz *vs* 0.05 -- 10 Hz) of the ZAP current do not alter the TIDA neuron resonance frequency.

Entrainment of TIDA neurons {#s4-5}
---------------------------

To test entrainability of TIDA neurons, the ZAP function was applied in the 0.05--3 Hz frequency spectrum. The amplitude of the current was determined individually per neuron, as the amount of negative current required to induce a −10 mV ΔV in the DOWN state (phase 1).

Dye loading and Ca^2+^imaging {#s4-6}
-----------------------------

For bulk loading of TIDA neurons in rats, the Ca^2+^-sensitive dye Oregon Green BAPTA-1 AM (OGB-1 AM, Invitrogen) was first dissolved in 0.5% DMSO, 0.01% Pluronic F-127 (Molecular Probes), 0.002% Cremophor (Sigma-Aldrich) and further diluted in aCSF to a final concentration of 20 µM. Slices were incubated for 40 min in oxygenated aCSF containing the cell-permeable OGB-1 AM dye solution. The activity of oscillating neurons of rats (AM dye) and mice (DAT-GCaMP3) was monitored by imaging fluorescence changes under visual control by two-photon imaging and CCD camera (water immersion objective, Zeiss) at \~900 nm. Scanning and image acquisition were controlled by custom software (LSM) during periods of 120 s at intervals of 300 ms. Imaging frames were acquired at 3 Hz. Image sequences were analyzed with custom programs written in ImageJ (NIH) and MATLAB ([@bib54]). The recorded intensity signals are presented as relative changes of fluorescence in each of the selected ROIs and expressed as (ΔF/F~0~), where F~0~ is the baseline fluorescence measured over a period of low activity of each cell. Simultaneous Ca^2+^imaging and whole-cell recordings ([Figure 3---figure supplement 1](#fig3s1){ref-type="fig"}) were performed on a Zeiss microscope system (Carl Zeiss, Germany). Fluorescence images were captured with a CCD camera (Evolve, Photometrics) during periods of 120 s at intervals of 300 ms. A 64x water-dipping objective was used when a neuron was being simultaneously patched. In these cases, no EGTA was used in the intracellular solution. Whole-cell recordings were performed through visualizing positive cells and then adjusting to DIC images. For temporal synchronization of acquired images and recorded membrane potential oscillations, marker pulses indicating the occurrence of each frame were obtained from the imaging system and recorded together with the intracellular signal using pClamp10.2 software.

Immunofluorescence {#s4-7}
------------------

Rats and mice were perfused first with pre-fixative (50 mm sodium phosphate buffer, 0.1% sodium nitrite, 0.9% NaCl and 1 unit/mL of heparin, pH 7.4) and next with cold fixative (0.16 m sodium phosphate buffer, 0.2% picric acid, 1--2% formaldehyde prepared from freshly depolymerized paraformaldehyde, pH 7.4), and finally with 10% sucrose/25 mM sodium phosphate buffer (pH 7.4), to wash out excess fixative. Tissues were stored at 4°C for 24--48 hr in cryoprotectant (25 mM sodium phosphate buffer, 10% sucrose, 0.04% sodium azide, pH 7.4). Tissue sections (14 μm) were processed for conventional immunofluorescence, using primary anti-connexin-35/36 (Cx36) immunoglobulin (1:2000; mouse monoclonal, MAB3045, Millipore), combined with anti-tyrosine hydroxylase (TH) antiserum (1:2000; raised in rabbit, AB152, Millipore), counterstained with DAPI and mounted with ProLong Gold (ThermoFisher). Confocal micrographs were acquired with an Olympus FV1000 microscope and analyzed and processed in BitPlane Imaris. For final images, brightness, contrast and sharpness were adjusted digitally.

Cell filling and reconstruction {#s4-8}
-------------------------------

Mouse (n = 5 cells from 4 animals) and rat (n = 5 cells from 5 animals) TIDA neurons were recorded in whole-cell mode with intracellular pipette solution as above, with the addition of 0.2% neurobiotin. After recording, slices were placed in fixative (4% paraformaldehyde/0.16% picric acid), washed in PBS and incubated at 4°C for 72 hr in a solution containing FITC-conjugated avidin (1:2500, 43--4411, Zymed) and mouse anti-tyrosine hydroxylase immunoglobulin (1:2000, MAB318, Millipore). After extensive washing, slices were incubated in secondary Alexa-594-conjugated donkey-anti-mouse antiserum (1:500; Invitrogen, Carlsbad, CA; A21202) for 16 hr at 4°C, washed again and mounted with 2.5% DABCO in glycerol. TIDA identity of all filled cells was confirmed with TH immunoreactivity. Cells were digitally reconstructed in MBF Neurolucida using a Zeiss Axio Imager M1 with a 63x objective and morphological parameters were extracted from the virtual neurons with MBF Neurolucida Explorer. Sholl analysis was performed by counting the number of line crossings on concentric circles spaced 20 µm apart.

Data analysis {#s4-9}
-------------

Electrophysiological data analysis was performed with Clampfit (Molecular Devices), OriginPro8 (OriginLab) and custom written MatLab routines. Statistical analysis was performed using GraphPad Prism6, and statistical significance was set at p\<0.05. All data are presented as means ± SEM. Significance levels used in figures are shown as: single asterisk (\*)=p \< 0.05, double asterisks (\*\*)=p \< 0.01 and triple asterisks (\*\*\*) when p\<0.001. Results were analyzed using the unpaired two-tailed Student's *t*-test unless otherwise stated. In sections stating that data were analyzed using one-way ANOVA, post-hoc analysis was performed with Tukey's range test.
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###### Oscillation dynamics in rat TIDA neurons.

Injection of negative current in current clamp results in hyperpolarization of the subthreshold oscillation. Note that the oscillation frequency remains unchanged irrespective of membrane voltage.

10.7554/eLife.33144.014

###### Oscillation dynamics in mouse TIDA neurons:Injection of negative current in current clamp, results in a switch from continuous firing to oscillatory discharge.

Note that upon further negative current injection, the oscillation collapses at −80 mV.

10.7554/eLife.33144.015

Data availability {#s7}
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A sample of the underlying electrophysiological data is available as Source Data Files 1 and 2. Due to the large size of the the whole dataset, it will be made available to the scientific community by the corresponding author upon reasonable request.
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Decision letter
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Reviewing Editor
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United States

In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"Network Oscillation Rules Imposed by Species-Specific Electrical Coupling\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers, one of whom Ronald Calabrese is a member of our Board of Reviewing Editors and the evaluation has been overseen by Eve Marder as the Senior Editor. The following individuals involved in review of your submission have agreed to reveal their identity: Farzan Nadim (Reviewer \#2); Yosef Yarom (Reviewer \#3).

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

This very interesting paper reports on a species difference in electrical coupling between neuroendocrine tuberoinfundibular dopamine (TIDA) neurons in rats vs. mice. It leverages this rather simple observation into a done-by-nature experiment to show how electrical coupling can set network period in a network that shows rhythmic activity. The authors make the conclusion that the coupling in the rat system not only harmonizes network period but also acts as a filter to set a network period that is below the average period of the resonance frequency in the individual neurons. The authors use sophisticated electrophysiological methods to approach these questions and provide strong quantitative data.

The general appeal of this work derives from the important species difference uncovered, albeit the functional implications for the TIDA network are unexplored, and the very nice exploration of how network period is set in the rat TIDA network.

Essential revisions:

There are concerns that although the observations are sound that they are in some cases over interpreted.

1\) Whereas the presence and absence of gap junctions is rather convincing, the conclusion that it is the sole difference between the species is not fully supported. Figure 4 is supposed to show similar membrane properties, but other than the input resistance there is no quantitative comparison and some seeming inconsistencies. For example, the current clamp records show there is little effect IA like current in mouse neurons (Figure 4E) and the voltage clamp records do not show any AHP current in mouse neurons (Figure 4F). Finally, one would like to know, if there is a difference in size of neurons between species that could account for the different in input resistance. The cells presented in Figure 5 (M and N) seems to support such a possibility. The authors should quantify as much as possible and should temper their claims about equivalence of membrane properties.

2\) The use of ZAP current injection to measure the resonance properties of the neurons, demonstrating that although both types of neurons display similar resonance, the frequency of oscillation in the coupled network is lower than the resonance frequency is convincing. This was followed by an elegant experiment where cross gap-junction resonance was measured. However, the conclusion derived from this experiment is not fully justified. We do not agree that the data: \"challenge the idea of electrical synapses operating merely as low pass current filters\" Nor do we agree that the junction \"acts as a band-pass filter for selecting and setting the oscillation frequency\". In fact, the reduction in the resonance frequency across the junction, seems to conform to the low pass filtering expected due to passive or active filtering by the pre/post-junctional neurites.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

Thank you for resubmitting your work entitled \"Network Oscillation Rules Imposed by Species-Specific Electrical Coupling\" for further consideration at *eLife*. Your revised article has been favorably evaluated by Eve Marder (Senior editor), a Reviewing editor, and two reviewers.

The manuscript has been improved but there are some remaining issues that need to be addressed before acceptance, as outlined below.

Reviewer \#2:

The revisions have made the manuscript better and the overall quality of the data is commendable. I have no major comments other than my previous point of whether there is any broader message other than rats are not mice.

Reviewer \#3:

The authors adequately responded to all my comments, adding new information and rephrase some of the statements. My only concern is the finding that the two types of cells differ in their IA current (by a factor of 2-3; Figure 4I). To the best of my understanding this should shift the resonance frequency of the cells to higher value and yet Figure 6 shows similar resonance. An explanation is needed here.

10.7554/eLife.33144.018

Author response

> Essential revisions:
>
> There are concerns that although the observations are sound that they are in some cases over interpreted.
>
> 1\) Whereas the presence and absence of gap junctions is rather convincing, the conclusion that it is the sole difference between the species is not fully supported. Figure 4 is supposed to show similar membrane properties, but other than the input resistance there is no quantitative comparison and some seeming inconsistencies. For example, the current clamp records show there is little effect IA like current in mouse neurons (Figure 4E) and the voltage clamp records do not show any AHP current in mouse neurons (Figure 4F).

The referees raise the important point that singling out the binary difference in electrical coupling as the sole distinction between rat and mouse TIDA neurons may be an over-simplification. We fully agree and apologize if this was the impression given in the manuscript. In accordance with the request from the referees, we have now performed quantification of the three conductances mentioned: the A-like current, the AHP current and the I~Kir~. The numbers are now included in the updated version of Figure 4 (Figure 4I-K) and described in the Results section. This analysis revealed that the AHP current is not statistically different between the species, but that the A-like current is bigger and the I~Kir~ smaller in rat TIDA neurons. While we do not think that these data alter the main conclusions of the study (as the resonance frequency of rat and mouse TIDA neurons is similar), they enrich our understanding of how the TIDA system is different (and similar) across species, and we thank the referees for this request.

> Finally, one would like to know, if there is a difference in size of neurons between species that could account for the different in input resistance. The cells presented in Figure 5 (M and N) seems to support such a possibility. The authors should quantify as much as possible and should temper their claims about equivalence of membrane properties.

As the referees rightly point out, the species difference in input resistance could derive from additional sources than the difference in electrical coupling, including differences in rat and mouse cell size. To get an estimate of how TIDA neurons compare between the species, we filled neurons during recording with neurobiotin, stained with Streptavidin and reconstructed them using Neurolucida. We measured soma surface, but also dendrite length and included Sholl analysis to get a measure of the complexity of dendritic branching; they have been included in the new Figure 4---figure supplement 1 and are described in Results section. Though these indices do not give a complete estimate of cell volume, they address several aspects of morphometry and neither of the numbers showed significant differences between the species. Thus, this is unlikely to be a major factor underlying the different input resistance numbers for the species. We agree with the referees that Figure 5M-N gave the impression (not supported by the analysis that has now been added; *vide supra*) that rat TIDA neurons may be larger than their mouse counterparts. For this purpose, we have replaced Figure 5M with a more representative example of Cx35/36-stained rat TIDA neurons.

> 2\) The use of ZAP current injection to measure the resonance properties of the neurons, demonstrating that although both types of neurons display similar resonance, the frequency of oscillation in the coupled network is lower than the resonance frequency is convincing. This was followed by an elegant experiment where cross gap-junction resonance was measured. However, the conclusion derived from this experiment is not fully justified. We do not agree that the data: \"challenge the idea of electrical synapses operating merely as low pass current filters\" Nor do we agree that the junction \"acts as a band-pass filter for selecting and setting the oscillation frequency\". In fact, the reduction in the resonance frequency across the junction, seems to conform to the low pass filtering expected due to passive or active filtering by the pre/post-junctional neurites.

The referees' comment prompted us to think twice about the conclusions, and we agree that the properties revealed in the gap-junction linked rat TIDA network can best be described as a low-pass filter. In our previous reasoning, we focused on the fact that rat neurons all oscillate within a very narrow interval, which individual cells essentially neither exceed nor subceed (for lack of a better term). But given the data distribution, this could still reflect a low-pass filter condition, and the data do not then negate that possibility. We have rephrased in the Abstract, Results section and the Discussion section to better reflect that our data are not disharmonious with earlier gap junction literature in this regard.

\[Editors\' note: further revisions were requested prior to acceptance, as described below.\]

> The manuscript has been improved but there are some remaining issues that need to be addressed before acceptance, as outlined below.
>
> Reviewer \#2:
>
> The revisions have made the manuscript better and the overall quality of the data is commendable. I have no major comments other than my previous point of whether there is any broader message other than rats are not mice.

We are happy that the referee finds the revised version an improvement and appreciate the kind words regarding the data quality. We believe the study expands beyond the original finding of the species difference between rats and mice, and that the demonstration of how electrical coupling impacts on network frequency and the processing of cellular heterogeneity into a coherent ensemble output will be of interest to a broad audience.

> Reviewer \#3:
>
> The authors adequately responded to all my comments, adding new information and rephrase some of the statements. My only concern is the finding that the two types of cells differ in their IA current (by a factor of 2-3; Figure 4I). To the best of my understanding this should shift the resonance frequency of the cells to higher value and yet Figure 6 shows similar resonance. An explanation is needed here.

We agree with this point; the referee predicts that a difference in A-current amplitude should impact on the average resonance and is therefore concerned that the latter parameter is the same between rat and mouse TIDA neurons whereas the former is not. The impact of the A-current on resonance is, as far as we have been able to determine, relatively poorly explored in the literature, compared to other currents. It is therefore difficult to estimate -- and discuss within the context of the present data -- exactly how changes in this membrane property would affect intrinsic resonance, although a shift to higher frequencies, as suggested by the referee, is a reasonable assumption. Importantly, however, resonance the product of several membrane properties interacting and a difference in a single one of these may be counteracted by other, as yet undetermined changes.

It's important in this context to bear in mind that rat and mouse TIDA neurons differ in input resistance. Interestingly, the rat neurons with the lower input resistance (Rinput = 0.6 GΩ) have higher IA amplitude while the mouse TIDA neurons with the higher input resistance (1.2 GΩ) have a lower IA amplitude. A low amplitude current would be expected to have a greater effect on a high-input-resistance cell (and *vice versa*), providing a potential explanation to the paradox noted by the Referee. In electrophysiological terms, the impact could be simply the degree of hyperpolarization and resonance frequency.
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